The habenula in the epithalamus connects the limbic forebrain with the midbrain and hindbrain where the monoaminergic neurons are concentrated. This nucleus has attracted growing interest because recent studies implicated it as a negative source of the reward signal in midbrain dopaminergic neurons (Hikosaka, [@B28]), and it plays critical roles in the pathophysiology of psychiatric disorders including depression (Lecourtier et al., [@B34]; Roiser et al., [@B51]; Sartorius et al., [@B56]; Li et al., [@B35]).

The habenular structure is well conserved across species, with all vertebrates examined possessing the efferent pathway of the habenula, which is called the fasciculus retroflexus or habenulo-interpeduncular tract which runs longitudinally from the epithalamus to the ventral midbrain (Concha and Wilson, [@B14]). This conservation allowed us to use model animals that are more amenable to genetic manipulation to analyze the development and function of the habenular circuitry (Okamoto et al., [@B46]). The habenula is also peculiar in that many vertebrates show conspicuous left--right asymmetry in its size and cytoarchitecture (Concha and Wilson, [@B14]), suggesting this brain region as a good model for the analysis of brain asymmetry.

Herein we discuss this expanding research field on the habenula and summarize recent findings from the genetic analysis of animal models like zebrafish.

Habenula Modulates Animal Behaviors via Monoaminergic Regulation
================================================================

Habenula was previously implicated as a regulatory center for the dopaminergic and serotonergic systems in the central nervous system (CNS), based on studies showing that lesions in the habenula led to increased monoamine metabolism (Nishikawa and Scatton, [@B45]; Nishikawa et al., [@B44]). In addition, electric stimulation of the habenula inhibited the firing of dopaminergic and serotonergic neurons in anesthetized animals (Wang and Aghajanian, [@B62]; Christoph et al., [@B11]). However, it has remained unclear when the habenular neurons are activated in the behaving animals. Recent electrophysiological studies in monkeys also revealed activation of the lateral habenular neurons in response to the aversive stimuli and outcomes that seem inappropriate for the chosen behaviors, as opposed to the inactivation of midbrain dopaminergic neurons (Matsumoto and Hikosaka, [@B40], [@B41]). These results substantiated the view that the habenula act as a negative source for the monoaminergic systems.

Based on these previous observations, lateral habenula was implicated in the pathophysiology of psychiatric disorders such as schizophrenia and depression in which dysregulation of the monoaminergic systems has long been postulated as the neural bases of these diseases (Sandyk, [@B55]; Ellison, [@B16]). Depressive patients show increased cerebral blood flow in the habenula (Morris et al., [@B43]; Roiser et al., [@B51]), and excitatory synapses onto the lateral habenular neurons are potentiated in learned helpless rats showing depression-like behaviors (Li et al., [@B35]). It was therefore hypothesized that increased excitability in the lateral habenula may underlie the pathophysiology of depression. Thus, reducing hyperexcitability in the habenula by surgical methods such as deep brain stimulation is a plausible future therapy strategy for drug-resistant depression (Sartorius et al., [@B56]).

However, only a limited number of studies have addressed the function of the medial habenula, probably because this structure is too small to be targeted by conventional experimental methods such as lesioning or stimulation. Genetic manipulation of the medial habenular neurons and their homologs confirmed that medial habenula is essential in controlling nicotine intake (Fowler et al., [@B20]) and fear expression (Agetsuma et al., [@B1]).

Despite this demonstrated functional significance of habenula, examining the function, and developmental mechanism for a subset of functional pathways remained difficult, mainly because there was no model animal with neural circuitry that is readily amenable to a genetic approach.

Phylogenetic Conservation of the Medial and Lateral Habenular Pathways
======================================================================

The mammalian habenula is subdivided into medial and lateral habenulae, each of which project to different targets. The medial habenula projects, almost exclusively, to the interpeduncular nucleus (IPN; Herkenham and Nauta, [@B27]), whereas the lateral habenula projects to a variety of nuclei such as rostromedial tegmental nucleus (Herkenham and Nauta, [@B27]; Jhou et al., [@B31]; Kaufling et al., [@B32]), raphe nuclei, substantia nigra, ventral tegmental area (Herkenham and Nauta, [@B27]), and the nucleus incertus (Goto et al., [@B24]; Olucha-Bordonau et al., [@B47]; Figure [1](#F1){ref-type="fig"}A). However, few studies have addressed whether subregions homologous to the medial and lateral habenulae in mammals are present in the other vertebrates, despite the fiber bundle called the fasciculus retroflexus connecting the habenula with the ventral midbrain in all vertebrates examined (Figures [1](#F1){ref-type="fig"}A,B).

![**Evolutionary conservation of the medial and lateral habenular pathways in vertebrates**. Schematic diagram of sagittal sections from rat **(A)** and zebrafish **(B)** showing homologs for the medial (red) and lateral (blue) habenular circuitries. The entopeduncular nucleus \[purple in **(B)**\] sends axons to the habenula in zebrafish, although the target of those axons within the habenula remains unclear. RMTg, rostromedial tegmental nucleus; SNc, substantia nigra, pars compacta; VTA, ventral tegmental area.](fnins-05-00138-g001){#F1}

Subdivision of the habenula into the medial and lateral habenulae occurs in reptiles, birds, and mammals (Figures [2](#F2){ref-type="fig"}A--C; Concha and Wilson, [@B14]). In lizard, the mediolateral organization of the habenula and its efferent connectivity is comparable to that found in mammals, in which the medial and lateral habenulae project to the IPN and raphe nuclei, respectively (Distel and Ebbesson, [@B15]; Engbretson et al., [@B17]). Although the medial habenula homolog that projects to the IPN is conserved from fish to mammals (red lines in Figures [1](#F1){ref-type="fig"}A,B), it remains unclear whether fish and amphibia have lateral habenular pathways. Fish and amphibian habenulae can be subdivided into dorsal and ventral habenulae based on the cytoarchitecture (Figures [2](#F2){ref-type="fig"}D,E; Braford and Northcutt, [@B8]; Kemali and Lazar, [@B33]), with some habenular neurons projecting to the serotonergic neuron-rich raphe nuclei, although studies showing this lacked detailed positional descriptions of such neurons with respect to the dorsal and ventral organization of the habenula (Kemali and Lazar, [@B33]; Yanez and Anadon, [@B63]; Guglielmotti and Fiorino, [@B25]; Tomizawa et al., [@B59]; Aizawa et al., [@B2]; Bianco et al., [@B7]).

![**Subnuclear organization of the habenula in vertebrates**. **(A--E)** Schematic drawings of coronal sections taken at the level of the habenula, showing regions homologous to the mammalian medial (light green) and lateral habenulae (pink) of the macaque monkey **(A)**, rat **(B)**, side-blotched lizard **(C)**, European frog **(D)**, zebrafish **(E)**. The small dots indicate regions rich in cell bodies, and the remaining gaps are neuropils. **(A,B)** were adapted from Amo et al. ([@B5]). **(C,D)** Schematics modified from data presented previously by Guglielmotti and Fiorino ([@B25]) **(D)** and Engbretson et al. ([@B17]) **(C)**. **(E)** Schematic drawing based on a coronal section of adult zebrafish stained with cresyl violet. **(F)** Development of the ventral habenula, based on expression patterns of the ventral habenular marker, *diamine oxidase*. Coronal views of Tg(*brn3a-hsp70*:*GFP*) zebrafish showing the distributions of *dao*-expressing cells in the ventral habenula (red) and GFP-expressing cells in the medial subnucleus of the dorsal habenula (green). Developmental stages are indicated beneath each panel. A section of adult zebrafish habenula (rightmost panel) was counter-stained by 4′,6′-diamidino-2-phenylindole (DAPI; blue). dpf, Days postfertilization.](fnins-05-00138-g002){#F2}

Two possibilities may be considered to explain the evolution of the medial and lateral pathways in the habenula. One is that the lateral habenular pathway was newly added to the habenula, which originally projected only to IPN. Another possibility assumes the presence of both the medial and lateral habenula homologs in the lower vertebrates as in mammals, and expansion or shrinkage of the lateral habenula homolog later occurring in response to changing environmental demands on the brain. To address these possible explanations, we examined the level of medial and lateral habenulae conservation in zebrafish, a model that is genetically accessible and amenable for live imaging. Analysis of transgenic fish revealed that the dorsal habenula projects to the IPN and is thus homologous to the medial habenula of mammals (red lines in Figures [1](#F1){ref-type="fig"}A,B; Aizawa et al., [@B2]). In contrast, zebrafish ventral habenula sends axons to the median raphe (blue line in Figure [1](#F1){ref-type="fig"}B; Amo et al., [@B5]) and expresses *protocadherin 10a* (Hirano et al., [@B29]), a specific marker of the lateral habenula of mammals. Thus, the fish ventral habenula is homologous to the lateral habenula of mammals. These findings confirmed that the medial and lateral habenular pathways are well conserved between fish and mammals.

Since the ventral habenula is located ventromedially to the dorsal habenula in adult zebrafish brain (Figure [2](#F2){ref-type="fig"}E), the orientations of these structures appear opposite to that of the mammalian habenula in the mediolateral direction (Figures [2](#F2){ref-type="fig"}A,B; Amo et al., [@B5]). In contrast, the lateral habenula in macaque monkeys is expanded dorsally (pink in Figure [2](#F2){ref-type="fig"}A), whereas the medial habenula is pushed ventromedially and appears to be residual (light green in Figure [2](#F2){ref-type="fig"}A; Mikula et al., [@B42]). Gene expression analyses revealed that the ventromedially positioned ventral habenula (red in Figure [2](#F2){ref-type="fig"}F) in the adult zebrafish originated from the region of primordium lateral to the dorsal habenula (green in Figure [2](#F2){ref-type="fig"}F), and it then gradually migrated ventromedially as development progressed (Amo et al., [@B5]). This suggested that zebrafish habenulae emerge during development with mediolateral orientation similar to that of the mammalian medial and lateral habenulae.

The differential size ratio of the medial and lateral habenulae across species may reflect the extent of the cortical input through the basal ganglia to the lateral habenula (Yanez and Anadon, [@B63]). Since the number of neurons in the medial and lateral habenulae is determined by developmental processes such as proliferation, differentiation, and cell death, the evolutionary changes in subnuclear organization in the habenula may reflect species-specific modulation of the neurogenetic processes (Finlay and Darlington, [@B19]). Thus, enlargement of the lateral habenula by increasing the duration of neurogenesis might result in finer tuning of the monoaminergic systems to evaluate a larger amount of sensory information.

Molecular Mechanism for the Axonal Guidance of the Habenular Circuitry
======================================================================

Epithalamus including habenular primordium in mammals is in prosomere 2 domain (p2; Figure [3](#F3){ref-type="fig"}A). A recent study revealed that *Fgf8* expressed in the dorsal diencephalon including p2 (light blue in Figure [3](#F3){ref-type="fig"}A) was indispensable for development of the habenula, since mutants with reduced *Fgf8* showed a dose-dependent reduction in habenula size (Martinez-Ferre and Martinez, [@B39]). Neuronal precursors for the habenular neurons are associated with the neuroepithelial domain expressing transcription factor *Dbx1* in the dorsal part of p2 (Vue et al., [@B61]; Quina et al., [@B48]). That region first starts to generate lateral habenular precursors (E13 in rat), followed by the medial habenular precursors (E15 in rat) showing the lateromedial gradient in neurogenesis (Angevine, [@B6]; Altman and Bayer, [@B4]). Initial axonal growth from the habenular nucleus was observed as early as E13 in rats (Funato et al., [@B21]), and bundles of the efferent projection (fasciculus retroflexus) runs ventrocaudally between the p1 and p2 domains to form the segmental scaffold in the embryonic diencephalon (red arrow in Figure [3](#F3){ref-type="fig"}A; Figdor and Stern, [@B18]; Funato et al., [@B21]). Domain p1 expressing semaphorin 3F (Sema3F; purple in Figure [3](#F3){ref-type="fig"}A), which utilizes neuropilin-2 (Nrp2) as a receptor, showed repulsive effects on the Nrp2-expressing axons from the habenula *in vitro* (red in Figure [3](#F3){ref-type="fig"}A; Funato et al., [@B21]). Interaction between Sema3F and Nrp2 is needed in the formation of fasciculated habenular axons (fasciculus retroflexus), since mice lacking Sema3F or Nrp2 showed defasciculation or absence of this axonal bundle, respectively (Chen et al., [@B10]; Sahay et al., [@B53]). In addition to that repulsive guidance, the habenular axons expressing *Deleted in colorectal cancer* (Dcc; red in Figure [3](#F3){ref-type="fig"}A) are also guided by the attractive signal, Netrin1 (light green in Figure [3](#F3){ref-type="fig"}A; ligand for Dcc receptor), in the floor plate (Funato et al., [@B21]). Despite this accumulating evidence for the mechanisms guiding habenular axons, it remains unclear how and when the afferents to the habenula (stria medullaris; blue arrow in Figure [3](#F3){ref-type="fig"}A) develop. Molecular analysis of transgenic animals expressing fluorescent proteins in the habenular afferents or efferents is therefore an important way to decipher the mechanism driving habenular circuitry emergence.

![**Developmental mechanism of the habenula in genetically accessible model animals**. **(A)** Schematic diagram of a sagittal section from E14 rat showing the habenular primordium (red), developing axons from the habenula (fasciculus retroflexus, red arrow) extending in between prosomere 1 (p1) and prosomere 2 (p2), and developing afferents to the habenula (stria medullaris) running along the dorsolateral surface of prosomere 3 (p3) and p2 (as blue arrow). The dorsal part of p2 and p3 expressed Fgf8 (light blue), which drives essential signaling for habenular development. Areas expressing guidance molecules for the habenular axons are designated by purple (Sema3F) and light green (Netrin1). AEP, anterior entopeduncular area; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence. The rostral and dorsal side is oriented at the left and top of the panel, respectively. **(B)** Neurogenetic model for the generation of left--right differences in the zebrafish dorsal habenula. At 18--24 h postfertilization (hpf), Nodal, and its downstream genes (green in the top panel showing dorsal view of Tg\[*lefty1*:*GFP*\]) are activated in the left dorsal diencephalon. Unilateral activation of Nodal signaling in the dorsal diencephalon directs the parapineal migration toward left (black arrow in the middle panel) and biases early neurogenesis in the habenular primordium with anti-symmetric nature in the presence of Fgf8 (red arrow between top and middle panels). Under those influences, common neural stem cells (light blue in the bottom panel) in the habenular primordium start to generate neural precursors for the lateral subnucleus (dHb[l]{.smallcaps}, red in the bottom panel) predominantly on the left side, under the influence of reduced Notch activity, and then neural precursors for the medial subnucleus (dHb[m]{.smallcaps}, green in the bottom panel) predominantly on the right side during late stages of neurogenesis peaked at 48 hpf. PO, pineal organ; PP, parapineal organ.](fnins-05-00138-g003){#F3}

Habenula as a Model System for Analyzing Left--Right Asymmetry in the Brain
===========================================================================

Brain asymmetry developed as a basic feature of the CNS across the vertebrates (Toga and Thompson, [@B58]). This feature is considered advantageous for efficient processing of neural information, such that each hemisphere is engaged in the differential regulation of behavior (Vallortigara and Rogers, [@B60]). However, few studies have addressed the molecular mechanism behind the generation of asymmetric brain, because there is no model animal in which neural development in both hemispheres is readily amenable to a genetic approach.

The region homologous to the medial habenula and the other epithalamic structures such as the parapineal/parietal organ show conspicuous left--right differences in many vertebrates including fish (Concha and Wilson, [@B14]). For instance, the left habenula has larger neuropil, and the parapineal organ innervating the left habenula is found only on the left side. Asymmetry in the habenula is observed not only in size and cytoarchitecture, but also in the axonal projection pattern to IPN (Aizawa et al., [@B2]; Gamse et al., [@B22]). Among the animals with asymmetry in the habenula, zebrafish are genetically accessible and amenable to imaging of morphogenetic processes because of their transparency during development. Furthermore, the availability of markers such as *kctd12* family genes, many of which are expressed asymmetrically in the zebrafish habenula (Gamse et al., [@B23]), enabled us to detect the consequent changes of the brain asymmetry in the mutant animals. Thus the habenular asymmetry in zebrafish provides an opportunity to examine the molecular mechanisms underlying the development of brain asymmetry.

Developmental Mechanism that Directs the Epithalamic Asymmetry
==============================================================

Two possible developmental mechanisms have been suggested to drive epithalamic asymmetry; determination of the asymmetry direction, and generation of left--right difference. Prior to a series of key discoveries in this field, the first clue came from studies showing correlation between the direction of Nodal signal activation and asymmetry in the epithalamic region (Concha et al., [@B12]; Liang et al., [@B36]). Nodal genes are expressed in the left lateral plate mesoderm (LPM) and play a central role in asymmetric formation of the visceral organ in all vertebrates examined so far (Hamada et al., [@B26]). In fish, a Nodal-related gene (*cyclops*) is unilaterally activated in the left dorsal diencephalon at 18--20 h postfertilization (hpf; top panel in Figure [3](#F3){ref-type="fig"}B; Rebagliati et al., [@B49]; Sampath et al., [@B54]). Zebrafish mutant analyses also revealed that the direction of habenular asymmetry (laterality) and position of the parapineal organ were randomly determined when Nodal signaling in the diencephalon was absent or activated bilaterally (Concha et al., [@B12]). Indeed, live imaging of Nodal activation in the embryonic diencephalon confirmed that the direction of Nodal activation was concordant with that of the habenular laterality (Aizawa et al., [@B2]). This lateralized activation is reportedly dependent on the activity of Nodal-related gene *southpaw*, which emanates from the left LPM (Long et al., [@B37]). However, there could also be a brain-specific mechanism underlying the asymmetric Nodal activation, based on studies showing symmetric Nodal activation in the embryonic diencephalon despite intact Nodal expression only in the left LPM in mutants defective in either Six3 or Wnt/Axin1/β-catenin (Carl et al., [@B9]; Inbal et al., [@B30]). Following the transient activation of Nodal signaling on the left side, the primordial parapineal organ migrates from the midline toward the left side at 28--36 hpf (black arrow in the middle panel of Figure [3](#F3){ref-type="fig"}B; Concha et al., [@B13]). Laser ablation of the premigratory parapineal organ and mutants defective in parapineal migration both show symmetric habenula (Concha et al., [@B13]; Gamse et al., [@B23]; Snelson et al., [@B57]), suggesting that interaction between the parapineal and habenular anlage ensures elaboration of the lateralized epithalamus.

Neurogenetic Asymmetry Determining Cell Number in the Left and Right Habenulae
==============================================================================

Despite the pivotal role that Nodal signaling plays in determining the direction of habenular asymmetry during the early stages of development, a size difference is still apparent between hemispheres, even in mutants that lacked Nodal activation in the developing dorsal diencephalon (Concha et al., [@B12]). This suggested that Nodal signaling might be dispensable for the emergence of left--right differences in habenula size.

The developing epithalamus in zebrafish seems to display *fgf8*-dependent anti-symmetry (asymmetry without a directional bias) in nature that is independent of Nodal signaling (middle panel of Figure [3](#F3){ref-type="fig"}B). This was shown in *acerebellar* zebrafish mutant embryos, which showed reduced *fgf8* function and symmetric habenula on both sides and a parapineal organ at the midline (Regan et al., [@B50]). A recent study also revealed that pharmacological inhibition of Nodal signaling disrupts the early asymmetric neurogenesis in habenula and parapineal migration, indicating that unilateral activation of Nodal signaling could act on the *fgf8*-expressing anti-symmetric domain in the embryonic epithalamus to bias both the habenular neurogenesis and parapineal migration toward the left side during early development (middle panel of Figure [3](#F3){ref-type="fig"}B; Roussigne et al., [@B52]).

Left--right difference in the number of neurons that belong to each subnucleus underlies the development of habenular asymmetry. The issue of habenular asymmetry is based on the mechanism by which these subnuclei are asymmetrically generated during development, since the dorsal habenula in zebrafish consists of medial (dHb[m]{.smallcaps}, green in the right most panel of Figure [2](#F2){ref-type="fig"}F) and lateral subnuclei (dHb[l]{.smallcaps}, blue region dorsolateral to dHb[m]{.smallcaps} in the right most panel of Figure [2](#F2){ref-type="fig"}F[)]{.smallcaps}, each of which has a distinct projection pattern to the IPN (Aizawa et al., [@B2]; Gamse et al., [@B22]). The birthdate analyses by bromodeoxyuridine-pulse labeling experiments indicated that neural precursors for the dHb[l]{.smallcaps} (red in the bottom panel of Figure [3](#F3){ref-type="fig"}B) emerge at an earlier stage than those for the dHb[m]{.smallcaps} (green in the bottom panel of Figure [3](#F3){ref-type="fig"}B). In addition, more neural precursors are born on the left side than on the right side, most likely due to the right-dominant asymmetry in the activity of Notch signaling, which suppresses neurogenetic activity in neural stem cells (Louvi and Artavanis-Tsakonas, [@B38]). Since both the neural precursors for the dHb[l]{.smallcaps} and the dHb[m]{.smallcaps} are derived from common stem cells (blue in the bottom panel of Figure [3](#F3){ref-type="fig"}B; Aizawa et al., [@B3]), more neurogenesis in the left habenula induces quicker depletion of the stem cells in the left habenula than in the right habenula. This causes more neurogenesis from the remaining stem cells on the right side to give rise to more dHb[m]{.smallcaps} neurons on the right side than on the left side at later stages of embryonic development, which ultimately leads to the left--right asymmetric subnuclear organization of the dorsal habenula (Aizawa et al., [@B3]).

These studies together suggest that lateralization may work by regulating the reciprocal expansion or contraction of subregions within a particular brain region rather than by specifying unique structures on either left or right sides. This allows for variation of the brain structure between species, dependent upon the extent of lateralization, without the need for a complete re-definition of the structure in lateralized and non-lateralized species.

Perspectives
============

Recent evidence supports the view that modification of the duration of neurogenesis, during which the particular neuronal subtype is generated, can cause expansion or shrinkage of the particular habenula subdivision. This may in turn lead to a species-specific subnuclear organization of brain asymmetry and enable animals to adjust the subset predominance of the habenular circuitry according to the prevailing evolutionary adaptation. Further analysis of the molecular mechanisms that determine the number of neurons in each subregion of the habenula by using genetically accessible animals will be indispensable to understand how the habenula evolved in vertebrates.
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